Abstract: Photoinhibition was examined in natural assemblages of phytoplankton from Lake Erie exposed to ambient solar radiation. The impacts on photosynthesis of photosynthetically active radiation (400-700 nm) (PAR), ultraviolet-A radiation (320-400 nm) (UVA), and ultraviolet-B radiation (295-320 nm) (UVB) were assessed at three sites on the lake using pulse amplitude modulated chlorophyll fluorescence. Short exposures (£30 min) to sunlight containing UVB (1.8-4.4 mmol·m -2 ) resulted in the rapid loss of up to 60% of photosystem II efficiency (in the dark-adapted state) (F v /F m ) and quantum yield (in the light-adapted state) (DF F ͞ m ¢ ). Exposure to UVA (46-105 mmol·m -2 ) generally diminished F v /F m and, to a lesser extent, DF F ͞ m ¢ . Short exposures to PAR (733-1588 mmol·m -2 ) had no significant effects on electron transport. Recovery from UVA-or UVB-induced photoinhibition was complete for F v /F m and 90% complete for DF F ͞ m ¢ after 2 h in low light. The results indicate that exposures of phytoplankton to surface radiation need only be short in duration to cause substantial UV inhibition of photosynthesis. However, depending on the kinetics of mixing of the water column, recovery of photosynthesis is possible if there is sufficient time for repair of UV damage. Future elevated levels of solar UVB due to ozone depletion could significantly inhibit primary production in mesotrophic lakes such as Lake Erie.
Introduction
Abundant evidence from laboratory experiments and field studies has shown that ultraviolet-B radiation (UVB) (295-320 nm) inhibits phytoplankton photosynthesis (Furgal and Smith 1997; Herrmann et al. 1997) , growth (Nilawati et al. 1997) , motility (Sebastian et al. 1994) , and nutrient uptake (Behrenfeld et al. 1995) . Effects of UVB on phytoplankton are not restricted to lower trophic levels, as elevated UVB alters biochemical composition, resulting in lower nutritive quality for grazing zooplankton (van Donk and Hessen 1995; Furgal et al. 1998) . These effects will likely be exag-gerated in the future by increasing solar UVB reaching the earth's surface due to the destruction of stratospheric ozone (Kerr and McElroy 1993) . Although UVB accounts for less than 1% of the fluence in sunlight, these wavelengths contribute to a substantial fraction of the inhibition of photosynthesis, and thus, even moderate increases in UVB could be deleterious to aquatic primary production.
Exposure to UVB causes photolysis of photosystem II (PSII) reaction centre proteins (Mattoo et al. 1984) , resulting in lowered quantum yield of PSII electron transport. Although PSII proteins are rapidly synthesized to recycle damaged photosystems, photosynthesis may be impaired for some time following photodamage. Depending on the kinetics of exposure, phytoplankton in a vertically mixing water column may not be capable of full recovery within 1 day (Falkowski 1983) . Phytoplankton cells exposed to continuous high levels of UV are capable of acclimation, resulting in natural phytoplankton populations with variable sensitivity to UV (Neale et al. 1998a) . Solar ultraviolet-A radiation (UVA) (320-400 nm) may be beneficial for attenuating UVB effects through photorepair mechanisms (Quesada et al. 1995) but has sometimes been reported to be responsible for the majority of UV effects (Hessen et al. 1997; Smith et al. 1998 ). Because of the many factors involved, attempts to quantify the impact of elevated UVB on primary production at the ecosystem level have yielded estimates of effects ranging from minimal to severe (McMinn et al. 1994; Bothwell et al. 1995; Keller et al. 1997; Neale et al. 1998a) .
While most studies have focused on marine waters where UV penetration is high, phytoplankton in freshwater environments such as oligotrophic lakes, shallow water columns, or stratified surface waters are also susceptible to UVB at ecologically important depths (Williamson 1995) . Previous studies in the Great Lakes have indicated that UVB inhibition of photosynthesis in natural phytoplankton communities can be substantial. In a UVB exclusion study, Gala and Giesy (1991) estimated that up to 13% of the primary production in the Lake Michigan water column was inhibited by solar UVB. More recently, a study of phytoplankton assemblages in Georgian Bay revealed a 40% loss of photosynthesis attributable to UVB upon exposure to simulated surface solar fluences in the laboratory (Furgal and Smith 1997) . Strong inhibition of photosynthesis in Lake Ontario by UVB at near-surface solar irradiation suggests that these phytoplankton communities are also susceptible to current levels of UVB .
Recent measurements in nearshore areas and the shallow west basin of Lake Erie have suggested a trend toward increased water clarity since the 1970s, likely due to attenuation of phosphorus loading and the colonization of the lake by zebra mussels (Dreissena), which filter phytoplankton from the water column (Charlton 1994) . Penetration of light, including UVB, is increased by these changes, and therefore, Lake Erie phytoplankton may be exposed to stressful light environments now and in the future, especially in the shallow western basin where light levels are potentially inhibiting throughout the water column. The impact of higher light levels on phytoplankton needs to be assessed in this important lake, especially in the context of rising UVB levels.
Pulse amplitude modulated (PAM) chlorophyll (Chl) fluorescence is a rapid method for determining photosynthetic efficiency during steady-state electron transport in vivo (Schreiber et al. 1986 ). Two parameters from this technique that have proven to be useful are F v /F m and DF F ͞ m ¢ . The former is determined from a single pulse of saturating light and estimates the maximum efficiency of electron transport through PSII in the dark-adapted state; the latter is measured under continuous light exposure and estimates the effective quantum yield of PSII. Importantly, DF F ͞ m ¢ is a measure of sustained, or steady-state, photosynthesis and is linearly related to CO 2 assimilation (Genty et al. 1989) .
We report here a field study designed to isolate the effects of UVB on photosynthetic efficiency in natural assemblages of Lake Erie phytoplankton, independent of UVA and photosynthetically active radiation (PAR) effects, by using screens that selectively excluded UVB or UVB plus UVA from the solar spectrum. Exposures from 10 to 30 min were used to simulate realistic exposure regimes of phytoplankton cells undergoing vertical cycling in the water column. Experiments were performed in situ aboard ship at three stations on Lake Erie. We found that it was possible to use PAM fluorescence to assess the impacts of UV on natural assemblages of phytoplankton. With this rapid technique, it was found that inhibition of photosynthetic electron transport in phytoplankton exposed to full sunlight occurs within minutes.
Materials and methods

Sampling
All experiments were performed aboard C.C.G.S. Limnos (Canada Centre for Inland Waters, Burlington, Ont., Canada) between 3 June and 5 June 1997. Water was taken from two stations in the central basin of Lake Erie (stations 946 and 961) and one station from the shallow western basin (station 974) (Fig. 1) . Whole water for exposure experiments was sampled within 1.5 h after sunrise from a depth of 5 m using 8-L PVC Niskin bottles on a General Oceanics TM Rossette sampler and stored immediately in carboys in the dark. In addition, at each station, a water sample from 5 m was concentrated onto GF/C filters and frozen for analysis of Chl concentration fluorometrically (Turner Designs 10-AU, Sunnyvale, Calif.) following extraction in cold acetone. At stations 946 and 961, vertical profiles of temperature, conductivity, dissolved oxygen, and fluorescence were recorded using a Seabird TM profiler. At station 974, a profile was not available, so samples from discrete depths including 5 m were sampled, filtered, and frozen for Chl analysis. Turbidity was measured at each station using vertical profile casts of a 0.25-m path length transmissometer.
Exposure protocol and radiometry
Aliquots of 200 mL of water were transferred into optically clear polyethylene sandwich bags (Glad TM , First Brands Corporation, Scarborough, Ont.) that were floated on lake water in deck incubators. The polyethylene bags were not phytotoxic under sunlight exposure (C.A. Marwood and B.M. Greenberg, unpublished observations). Samples were exposed at solar noon to direct sunlight screened through polycarbonate (1.6 mm, Johnston Plastics, Mississauga, Ont.) that removed both UVA and UVB, polyester film (Mylar-D, 0.08 mm, Johnston Plastics) that removed UVB, or cellulose acetate film (0.08 mm, Johnston Plastics) that was transparent to all wavelengths (Fig. 2) . The transmission in the PAR waveband (400-700 nm) was similar (90%) for each of the filters. Filters were preexposed to sunlight in order to stabilize transmis-sion spectra. For recovery experiments, samples were transferred into deck incubators screened with black plastic that transmitted 5% of incident light.
The light spectrum for each treatment was determined by measuring sunlight filtered through one of the three films plus a single layer of the polyethylene bag material. Spectra from 280 to 780 nm were recorded during the exposure (Fig. 2 ) using a calibrated diode array spectroradiometer with an integrating sphere (Oriel Inc., Stratford, Conn.) (Smith et al. 1999) . The time-weighted fluences for the PAR, UVA, and UVB wavebands were calculated from measured fluence rates and exposure times. The corresponding biologically effective UVB (UVB BE ) (295-320 nm) was calculated using a weighting function for the inhibition of phytoplankton photosynthesis (Cullen et al. 1992) (Table 1) normalized at 300 nm.
Chl fluorescence measurement
Following exposure, water samples were immediately transferred to the dark. Phytoplankton from measured volumes of sunlight-exposed water samples and dark control samples were concentrated onto 25-mm glassfiber filters (GF/C, Whatman, Springfield Mill, U.K.) under low (<5 mmHg, 1 mmHg = 133.322 Pa) vacuum. To obtain a high signal to noise ratio in the PAM fluorometer, 100 or 200 mL of lake water was concentrated onto filters. Phytoplankton were dark adapted for 30 min on filters placed on filtered lake water in covered petri dishes to keep the cells hydrated. A pulse-amplitude modulated fluorometer (PAM-2000, Walz, Effeltrich, Germany) was used to measure Chl fluorescence (see Fig. 3 ). Initial fluorescence (F 0 ) was measured with a weak modulated red light (<1 mmol·m -2 ·s -1 ). Dark-adapted maximum fluorescence (F m ) was induced with a single 0.6-s saturating pulse of white light (-3000 mmol·m -2 ·s -1 ). Confirmation that the saturating light produced an accurate F m value was achieved by the addition of 5 mM 3-(3¢,4¢-dichlorophenyl)-1,1-dimethylurea (DCMU) to a sample of lake water in 0.1% methanol for 30 min, followed by filtration and measurement of F m . Comparison of F m in the presence of DCMU and F m produced using the saturating light confirmed that the true F m was achieved using the saturating light source of the PAM fluorometer. The maximum efficiency of PSII electron transport (F v /F m ) was calculated as (F m -F 0 )/F m . Following 10 min of illumination under red light (655 nm) at 40 mmol· m -2 ·s -1 supplied by light-emitting diodes, steady-state fluorescence (F s ) and light-adapted maximum fluorescence (F m ¢ ) were determined. The effective quantum efficiency of PSII photochemistry was calculated as DF F
Chl fluorescence values obtained from unexposed (control) samples on moistened filters remained unchanged for more than 24 h when covered in the dark.
Due to the nature of this opportunistic study, strict replication of experiments was not possible. Instead, water was sampled from three sites on the lake and similar exposure protocols were applied, allowing comparison between sites by treating each site as a block in the statistical design. Values of F v /F m and DF F ͞ m ¢ were analyzed using a one-way ANOVA blocked to compare variation between stations. The Student-Newman-Kuels means test was used to test for significant differences between light treatments.
Results
Chl a was higher in the western basin of Lake Erie than in the central basin. Chl a concentrations ranged from 3.8 mg·L -1 at station 974 to 2.5 mg·L -1 at station 946 to 1.2 mg·L -1 at station 961. Turbidity at the stations in the central basin was low, with 74 and 58% transmission at 1 m depth for stations 946 and 961, respectively. The western basin was much more turbid, with 0% transmission measured at 1 m depth from station 974. Vertical profiles of temperature, oxygen, and fluorescence taken at stations 946 and 961 indicated that water in the top 5 m was completely mixed. Although a vertical profile was not recorded from station 974, Chl concentrations measured from several depths were similar, suggesting good mixing of the water column.
Short exposures of phytoplankton to sunlight had a strong impact on PAM fluorescence. In general, variable fluorescence (F v = F m -F 0 ) was diminished, either by increased F 0 or by decreased F m or both. An example from station 946 is shown in Fig. 3 . Exposure to all three light treatments (PAR, PAR+UVA, or PAR+UVA+UVB) diminished F m values compared with unexposed samples, but exposure to UVB and UVA also resulted in an increase in F 0 , with the highest values of F 0 in the UVB treatment (Fig. 3) . Thus, the most severe reduction in F v /F m was seen for phytoplankton exposed to PAR+UVA+UVB. Similar effects were observed for F m ¢ and F s . However, exposure to sunlight sometimes caused the F m ¢ value to exceed F m , and F s sometimes dropped below the level of F 0 .
Given that diminished Chl fluorescence by UV and PAR could be readily observed using PAM fluorescence, we compared effects at three lake stations. Natural phytoplankton assemblages from station 946 were exposed to solar radiation over the solar noon under cloudless hazy skies providing moderate but constant light fluence (Table 1) . Exposure to sunlight for 15 min resulted in inhibition of Chl fluorescence parameters compared with unexposed samples (Fig. 4a) . Compared with dark controls, F v /F m was lower by 25% due to PAR alone, with additional reductions of about one third each with the progressive inclusion of UVA and UVB in the spectrum. Thus, in phytoplankton exposed for 15 min to the full solar spectrum, F v /F m was attenuated by 75% relative to unexposed phytoplankton. The DF F ͞ m ¢ was unaffected by exposure to PAR but was diminished by exposure to UVA (Fig. 4a) . As with F v /F m , inclusion of UVB in the light treatment lowered DF F ͞ m ¢ further. Water sampled from station 974 in the western basin of Lake Erie was exposed to sunlight for 10 min over the solar noon under mostly clear skies. Spectra recorded at that time revealed that the fluence rate was slightly greater than at station 946, but the shorter exposure period resulted in lower total integrated fluence (Table 1 ). In general, photoinhibition effects were not as severe as the 15-min exposure at station 946, consistent with the somewhat lower fluence of light received by these samples (Table 1) . However, the qualitative effects produced by PAR, UVA, and UVB were similar: F v /F m was progressively depressed by PAR, UVA, and UVB (Fig. 4b) . PAR and UVA caused only a slight attenuation of DF F ͞ m ¢ , but the inclusion of UVB resulted in somewhat lower DF F ͞ m ¢ values (Fig. 4b ). Because PAR, UVA, and UVB wavelengths seemed to have distinct effects on Chl fluorescence parameters, we examined recovery of photosynthesis in phytoplankton exposed to the different light treatments. Phytoplankton were sampled from station 961 in the central basin (Fig. 1) . Samples of water were exposed to full sunlight under clear skies for 30 min to give greater light fluence exposures than at the previous two stations (Table 1) . Following the 30-min exposure to sunlight, one set of parallel samples was transferred to low light (5% sunlight) for 2 h to allow recovery of phytoplankton. Chl fluorescence was measured from both sets of water samples. The effects of exposure on F v /F m and DF F ͞ m ¢ were consistent with those of the previous exposures (Fig. 5) . PAR alone had virtually no effect on DF F ͞ m ¢ . There was a small effect due to the addition of UVA, but UVB reduced DF F ͞ m ¢ to 60% of the value of unexposed samples. Samples incubated for 2 h in low light demonstrated recovery of F v /F m in each treatment to values greater than in the unexposed samples. In phytoplankton exposed to either UVA or UVB, DF F ͞ m ¢ recovered to levels similar to that in the unexposed samples but the levels were still somewhat lower than the PAR recovery levels (Fig. 5) .
Statistical analysis of Chl fluorescence values was performed using data from all three sampling stations in an ANOVA blocked to account for variation between stations. Although there were significant differences between sampling stations (F = 12.7 and 45.5 for F v /F m and DF F ͞ m ¢ , respectively), the overall effects of the light treatments on F v /F m and DF F ͞ m ¢ values were also significant at a = 0.01 (F = 15.7 and 5.23 for F v /F m and LF F ͞ m ¢ , respectively). The F v /F m and DF F ͞ m ¢ in samples exposed to UVB were significantly lower than samples exposed to PAR, or dark controls, and F v /F m in the PAR+UVA treatment was also significantly lower (Table 2) . Taken together, this series of experiments show that short UV exposures caused significant UV photoinhibition of Lake Erie phytoplankton.
Discussion
Although the damaging effects of UVB on the photo- Note: Incident solar spectra were recorded midway through exposure periods. Fluence rates for each waveband (PAR, UVA, and UVB) calculated from the spectra were multiplied by exposure time to convert to fluence. UVB BE fluence was calculated according to a biological weighting function for the inhibition of phytoplankton photosynthesis (Cullen et al. 1992) . PAR = 400-700 nm, UVA = 320-400 nm, and UVB and UVB BE = 295-320 nm. Table 1 . Solar fluence rates and time-weighted fluences received by Lake Erie phytoplankton exposed to full sunlight. synthetic apparatus of plants have been well characterized, the actual impact of UVB on primary production in lakes and oceans has been more difficult to assess because there is little information on UVB inhibition in natural waters. Previous studies of UV inhibition typically exposed phytoplankton to sunlight for long time periods, up to 8 h, and estimated photosynthesis by radiolabeled carbon uptake techniques requiring several hours of incubation. In the present study, substantial inhibition of Chl fluorescence by UVB was detected within 15-30 min and was alleviated within 2 h in a low-light environment. One limitation of conventional techniques for estimating photosynthesis is the inability to detect rapid effects of UV, due to the long incubation times required . In previous studies using these techniques, recovery of photosynthetic efficiency during the assay may have resulted in an underestimation of UVB impacts on Great Lakes phytoplankton.
The small fluence of UVB received by phytoplankton in the short sunlight exposures had a greater impact on photosynthetic electron transport than UVA or PAR wavelengths. At station 946, where effects were most severe, UVB alone accounted for 15% loss of steady-state photosynthetic yield 
Fig. 4.
Chl fluorescence parameters F v /F m and DF F ͞ m ¢ from Lake Erie phytoplankton exposed to sunlight. (a) Water sampled from station 946 was exposed for 15 min at solar noon to sunlight screened to remove UVB and UVA or UVB only or to transmit the full spectrum. (b) Water sampled from station 974 was exposed to sunlight for 10 min at solar noon. Unexposed phytoplankton ("dark") were kept in the dark for the duration of the exposure.
(DF F ͞ m ¢ ) in phytoplankton exposed to sunlight at the water surface for 15 min. Presumably, longer exposures to sunlight would further diminish photosynthesis such that complete inhibition would occur after just a few hours. The short exposure times used in this study are likely a realistic exposure scenario for phytoplankton in a mixed water column that can cycle in less than 1 h. However, the impact of repetitive exposures to sunlight on Lake Erie phytoplankton cycling in a mixed water column is unknown. UVB effects on phytoplankton residing near the water surface are mitigated by vertical mixing, which reduces the exposure time to full solar radiation, allowing cells to recover in a lower light fluence. We observed complete recovery within 2 h from photoinhibition in PAR, but algae exposed to UVB recovered to a lesser extent, suggesting that for phytoplankton exposed to sunlight at the surface, less than 2 h in low light might not be sufficient for recovery before cells are brought to the surface again. Estimates of water column integrated inhibition of photosynthesis require detailed data of the kinetics of inhibition and recovery, attenuation of irradiance in the water column, and a biological weighting factor describing wavelength-specific inhibition. Further studies of the kinetics of Chl fluorescence inhibition in Lake Erie phytoplankton are now warranted to provide a more detailed assessment of the impact of UVB on water column photosynthesis inhibition in situ.
Models of column-integrated phytoplankton photosynthesis using biological weighting functions and water column mixing regimes have estimated moderate decreases in photosynthesis due to UVB, even though full-day sunlight exposures were often employed to measure inhibition (McMinn et al. 1994) . UVB was predicted to inhibit water column primary production by 18% in May and only 13% averaged over the course of the summer in open-water phytoplankton assemblages in Lake Michigan (Gala and Giesy 1991) . In a similar study using Lake Ontario phytoplankton assemblages exposed to sunlight, UVA wavelengths were found to be more damaging than UVB ). Using a model describing wavelength-dependent inhibition on the basis of cumulative exposure during a typical sunny day, but ignoring mixing in the water column, it was estimated that UVB diminished photosynthesis by no more than 2%, although loss of primary production due to all wavelengths was as much as 36%. The sensitivity of Antarctic marine phytoplankton to UVB seems to be variable and dependent in part on the light exposure history of the phytoplankton (Neale et al. 1998a ). Estimates of photosynthesis inhibition due to a 50% increase in UVB range from 0.7 to 8.5%, depending on the biological weighting function and mixing regime used in the model (Neale et al. 1998a (Neale et al. , 1998b . These assemblages apparently showed no evidence of recovery over several hours, which was attributed to an upwelling of phytoplankton adapted to cold and low-light conditions with low rates of respiration. Low rates of protein synthesis were also implicated in the slow recovery (32 h) of F v /F m in surface ice algae communities exposed to natural sunlight . Inhibition and recovery of Chl fluorescence parameters from Lake Erie phytoplankton exposed to sunlight. Water sampled from station 961 was exposed to sunlight for 30 min at solar noon. Exposure conditions were the same as in Fig. 4 . Immediately following exposure, samples were transferred to a low-light environment (5% sunlight) to allow recovery for 2 h. Note: F v /F m , the maximum efficiency of PSII electron transport, and DF F ͞ m ¢ , the quantum efficiency of PSII photochemistry, were measured from samples taken at three different stations. A one-way repeated measures ANOVA was performed using data from all stations. A StudentNewman-Kuels means test was used to test for significant differences between light treatments. Standard errors of the means are given in parentheses. Treatments not significantly different (a = 0.05) are denoted by the same letter. Table 2 . Statistical analysis of effects of light treatments on Chl fluorescence in Lake Erie phytoplankton. (Robinson et al. 1997) . The recovery of Chl fluorescence in our experiments implies that repair was active, but more detailed kinetics of inhibition and recovery are required to estimate the real impact of UVB in Lake Erie phytoplankton.
Exposure to UV produced different effects than those observed for PAR. For each of the three sites sampled, the apparent quantum yield of PSII, estimated by the parameter DF F ͞ m ¢ , was reduced by exposure to UVB and UVA but not by exposure to PAR alone. While PAR only reduced F m , UVA and UVB reduced F m and at the same time increased F 0 . Recovery of Chl fluorescence under low-light conditions was also different for phytoplankton exposed to PAR and UV treatments. The distinct effects of PAR and UVB on Lake Erie phytoplankton are consistent with different targets for inhibition of photosynthesis by PAR and UV. Like PAR photoinhibition, increased degradation of the D1 protein is a major effect of UV photodamage, but UVB has many targets, including DNA, membranes, proteins such as Rubisco, as well as the D2 protein of PSII. Different effects on Chl fluorescence parameters from PAR and UVB have been documented in the marine diatom Phaeodactylum tricornutum, suggesting a different mechanism for photodamage from UVB (Wilhelm et al. 1997) . The intermediate responses attributed to UVA in this study might simply be the result of overlapping absorption spectra of the PAR and UVB targets.
Although dissolved organic matter is generally the most important factor attenuating UV in lakes (Scully and Lean 1994) , particles appear to be the dominant agents of UV attenuation in Lake Erie. In experiments performed concurrent with this study, it was shown that total suspended solids was a more useful parameter than dissolved organic matter for predicting UVB and UVA attenuation in water with a wide range of transparency throughout the lake (Smith et al. 1999 ). Since UV is not absorbed by particles per se, current levels of UV in the lake may be quite high. The recent increase in water transparency, combined with elevated UVB due to depleted ozone, represents a potential reduction in primary production in Lake Erie. The increased water clarity in nearshore areas is believed to reflect lower phytoplankton densities due to reductions in nutrient loading and the colonization of the lake by Dreissena mussels (Charlton 1994) . Increased transparency due to lower suspended particles will result in increased penetration of all wavelengths, including UVA, which contributes to a substantial fraction of photoinhibition. However, the impact of elevated UVB wavelengths will be most severe with ozone depletion, as UVB is much more biologically effective on a quantum basis than UVA or PAR.
Photoinhibition from PAR seemed to be protective, rather than damaging, since short exposures resulted in diminished F m values only, and full recovery under low light was observed. Photoprotective processes are generally associated with decreases in F m (Schofield et al. 1998) due to shortterm down-regulation of electron transport in PSII by increased dissipation of energy through the xanthophyll cycle (Bruce et al. 1997; Demmig-Adams et al. 1998) . Alternatively, photodamage occurs when the photon fluence rate exceeds the capacity of the xanthophyll cycle to dissipate excess energy, resulting in degradation of the D1 protein, which is generally associated with increases in F 0 (Ögren 1991; Schofield et al. 1998 ). The full and rapid recovery of F v /F m in low light also suggests that minimal and reversible damage to PSII had occurred in these cells.
Finding F m ¢ higher than F m in the PAR-exposed samples is interesting to consider in the context of reversible photoinhibition. This result would be expected if the fluorescence were not measured correctly from the dark-adapted state. However, precautions were taken to ensure that phytoplankton were sufficiently dark adapted; longer dark adaptation times up to 2 h did not alleviate the effect. In addition, the accurate measurement of F m was tested by the use of DCMU, which prevents electron transfer from PSII by irreversibly binding the D1 protein of PSII, resulting in a rapid rise in fluorescence to F m , regardless of the light fluence (Krause and Weis 1991) . Instead, F m ¢ values higher than F m levels in the dark-adapted state could indicate that recovery had already begun during the PAM measurement, resulting in F m ¢ values approaching the levels in phytoplankton not exposed to sunlight. The DF F ͞ m ¢ parameter, measured after 10 min in actinic light, may not be capable of detecting the full impact of photoinhibition. Interestingly, these effects were observed in samples exposed to PAR only, suggesting that recovery from PAR exposure was more rapid than from UVA or UVB exposure.
Unexposed phytoplankton sampled from three different locations in Lake Erie demonstrated a range of F v /F m values from 0.327 to 0.518. The various phytoplankton divisions possess different pigments and antenna systems and consequently exhibit a range of F v /F m from 0.37 to 0.83 in nutrientreplete cell cultures (Büchel and Wilhelm 1993) . Phytoplankton groups containing Chl c, such as the diatoms and dinoflagellates, have intrinsically lower F v /F m values (<0.6). In lake water containing an assemblage of phytoplankton groups that are generally nutrient limited, with some proportion of the assemblage being nonfunctional cells, F v /F m is more typically 0.3-0.6. Differences in PSII efficiency between sampling sites indicate the presence of different assemblages of phytoplankton in the western and central basins, adapted either to the varying nutrient levels or to the different light environments. In general, plants adapted to high-light environments exhibit lower F v /F m values than shade-adapted plants. In this study, the greatest F v /F m values were found in the turbid western basin of Lake Erie, where phytoplankton residing at 5 m depth were protected from high light by suspended particles and self-shading and were adapted to a lowlight environment. In the less turbid waters of the central basin, F v /F m values of unexposed phytoplankton were lower than those found in the western basin, suggesting that these assemblages were adapted to higher light levels.
Although phytoplankton assemblages were not characterized in this study, the western and central basins of Lake Erie indeed support different phytoplankton assemblages. During the spring, phytoplankton biomass in the western basin is typically dominated (-50%) by diatoms, especially Fragilaria and Stephanodiscus species, but with substantial contributions from chlorophytes (Makarewicz 1993) . In the past, cyanobacteria were a significant group in the western basin, especially during the later summer, but have recently been diminished, apparently by the filter-feeding habit of zebra mussels (Dreissena) (Makarewicz et al. 1999) . The central basin is composed primarily of diatoms, but large dinoflagellates such as Ceratium hirundinella, although few in number, contribute substantially to biomass in the central basin (Makarewicz 1993; Makarewicz et al. 1999) . The greater biomass in the central basin of Chl c containing phytoplankton such as the diatoms and the dinoflagellates with intrinsically lower F v /F m is consistent with the lower values measured from assemblages at these stations. The different phytoplankton groups differ in their ability to quench excited Chl under high-light conditions, and therefore, assemblages from the three stations also exhibited different responses to sunlight exposure.
